sequences. There is developmental regulation of the selection of the above splicing sites. One splicing pattern produces an mRNA that translates into a protein used for both larval and adult musculature, whereas the other splicing pattern is used for the latter stage only.
Drosophila melanogaster is an excellent model system for studies of the structure and function of gene products such as myofibrillar proteins, because one may use both molecular and genetic approaches. To date a number of genes coding for the major myofibrillar proteins have been cloned and characterized. The actin gene family comprises six genes, which are dispersed in the genome (1-3); each gene exhibits a unique tissue and temporal pattern of expression during development (4) . On the other hand, Drosophila has only one gene encoding myosin heavy chain (MHC) (5, 6) and, as reported by us previously (7) , only one gene encoding the myosin light chain that is dissociated by alkali (MLC-ALK). A question of interest then is whether there is only one protein encoded by each gene, so that the several different muscle tissues of the larva and the adult, which use slightly different actin proteins, all use the same MHC and MLC-ALK proteins in their myofibrils.
In the present communication, we report that this is not the case. We find that there is a developmental difference in splicing patterns of the primary transcript of the MLC-ALK gene, resulting in at least two slightly different polypeptides encoded by and expressed by the single gene. A similar situation occurs for the MHC gene (C. Rozek, personal communication).
EXPERIMENTAL PROCEDURES Isolation and S1 Nuclease Analysis of RNA. Total cellular RNA was prepared by homogenizing developmentally staged whole animals in 4 M guanidine thiocyanate/1 M 2-mercaptoethanol/0.05 M NaOAc/0.001 M EDTA, pH 6.0, and banding in cesium chloride (2, 8) . Poly(A)+ RNA was selected by oligo(dT)-cellulose (Collaborative Research, type T3) chromatography as described (9) . S1 nuclease mapping of RNA transcripts was done essentially as described (6, 10) .
Subcloning, Labeling, and Sequencing of DNA. HindIII/ EcoRI fragments from the MLC-ALK X clone dmpT102 (7) were subcloned in pBR322 by standard methods (11) . Additional subclones were generated from one of the resulting plasmids, p102.6 (see Fig. 2 ), as follows: the insert was isolated from an agarose gel, digested with BamHI and HindIII or digested with either Sau3A1 or Taq I, and ligated into BamHI/HindIII-digested M13mp8 and M13mp9 phage DNA or ligated into BamHI-or Sal I-digested M13mp8 replicative form DNA, respectively (11) .
Preparation of nick-translated probes and hybridization of [32P]DNA probes to filter-bound DNA were performed essentially as described (12) . Nick-translated probes were hybridized at a concentration of 1 x 105 dpm/ml (108 dpm/,ug).
The sequencing strategy used is shown in Fig. 2C . The sequence of nucleotides 1-1705 was determined according to Maxam and Gilbert (13) with modifications (14) . Nucleotides 1705-3551 were determined by dideoxy sequencing methods of Sanger et al. (15) . We had to use the chemical modification techniques of Maxam and Gilbert to determine the sequence of nucleotides 1-1705 due to an inverted repeat from nucleotides 1273-1285 and 1638-1650. Presumably, the indirect repeat formed a stable hairpin that prevented the procession of the Klenow fragment of DNA polymerase through this region in the dideoxy sequencing reactions.
RESULTS
Nucleotide Sequence of the MLC-ALK Gene. Our previous studies suggested that the primary transcript of the MLC-ALK gene lay entirely within a segment of length 3.5 kilobases (kb). There was heterogeneity in molecular length for both the encoded mRNAs and proteins, and there was heterogeneity in isoelectric point for the latter (7) . We have sequenced the entire 3.5-kb region, to investigate further the structure and expression of the gene, as well as the nature of the mRNA and protein heterogeneity.
The sequence of length 3552 base pairs is shown in Fig. 1 ; all of the protein coding sequence was determined from sequencing both strands. Only the 5' sequence of 150 nucleotides (nt) was determined from reading the sequence ofjust one strand. We have previously reported the sequence of a cDNA clone (denoted pcMLC.1-10) and interpreted it in terms of a protein sequence (7) . By comparing the cDNA sequence with the genomic sequence, we have identified one set of exons of the latter. This interpretation is shown in Figs. 1 and 2 . The comparison shows that the gene has a minimum of five introns ranging in length from 59 to 986 nt. that sites b and c are used for relatively abundant RNAs (data not shown).
Developmental Regulation of Transcript Splicing. Having determined the structure of the gene as it is expressed as one species of pupal mRNA, we asked whether there are other splicing patterns besides E1-E2-E3-E4-E5-E6 that generate an MLC-ALK-encoding mRNA. Examination of the sequences showed that a splicing pattern of E1-E2-E3-E4-E6 would maintain a reading frame generating a polypeptide with a different carboxyl terminus from that encoded by the cDNA clone pcMLC.1-10. We therefore carried out S1 nuclease analyses of MLC-ALK mRNAs from larval and pupal mRNAs to search for alternative splicing patterns besides that of the contiguous E3-E4-E5-E6.
A Sal I 3'-end-labeled Sal I/HindIll fragment of the cDNA clone pcMLC.1-10 was hybridized to early embryo, larval, and pupal poly(A)+ RNA, digested with S1 nuclease, and electrophoresed on an alkaline agarose gel. The logic of the experiment and the autoradiograms are shown in Fig. 3 . Note that this fragment was labeled at the Sal I site within E3 and extends to the HindIII site in the poly-linker of the pUC8 cloning vector. This HindIII site is 8 nt 3' to the poly(A) sequence of the cDNA clone pcMLC.1-10 (7). Note further that the cDNA clone pcMLC.1-10 uses polyadenylylation site b (Fig. 2B) Therefore, an end-labeled Rsa I/Nco I fragment (Fig. 1 , nucleotides 2294-2565) containing ES sequences was isolated from the genomic plasmid p102.6 and used to rescreen 10 isolated MLC-ALK cDNA clones (7). Three cDNA clones, which did not hybridize with this probe, did hybridize with a more amino-terminal coding fragment from E3 (data not shown). One of these, pcMLC.1-1, was partially sequenced (Fig. 4 A and B) . The relevant sequences (Fig. 4C) show that in this mRNA, E4 is precisely joined to E6. This junction generates a new reading frame in E6 leading to a carboxylterminal fragment 14 amino acids long. Note that the mRNA containing E4-E5-VE6 translates to give a carboxyl-terminal fragment in ES of quite different amino acid sequence but again 14 amino acids long (see Fig. 4C ).
The splice donor sequences are all very similar and conform to Drosophila and eukaryotic consensus sequences (14, 16, 17) . The splice acceptor sequences also conform to the consensus, with the notable exception of that preceding ES. In this case, the consensus C-A-G at the junction is preceded by a purine-rich sequence rather than the consensus pyrimidine-rich sequence (18) 
(T-G-A-A-A-T-T-G-A-A-T-G-A-A-A-A-C-A-G-A-G-A-T).
DISCUSSION The sequence of a 3.5-kb region containing the entire MLC-ALK gene has been determined. The precise 5' end of the gene has not yet been mapped. However, by consideration of a cDNA sequence that extends into the 5' untranslated region and of the genomic sequence, a plausible start site for transcripts such as that which gave rise to the cDNA clone pcMLC-1.10 has been identified.
We reported previously that the most abundant mRNA species have molecular lengths in the range of 950 to 1050 nt, but species exist with lengths about 1300 nt (7) . There are several consensus polyadenylylation sites at the 3' end of the gene that are used (see Fig. 2B , data not shown). These sites generate mRNAs that are greater in molecular length than the shortest species by 220 nt. The observed lengths of the putative primary transcript (3.2 kb) and of the mature mRNAs (0.9-1.3 kb) (7) are consistent with the hypothesis that transcription starts at the site proposed for pcMLC.1-10 and ends at the mapped poly(A) site.
The nucleotide sequence of one MLC-ALK cDNA clone corresponds to an mRNA that is expressed during both larval and pupal muscle development and that contains six exons from the genomic sequence. This mRNA has the sequence E1-E2-E3-E4-E5-E6. A surprising result is that another MLC-ALK mRNA, present in pupae only, includes the sequence E3-E4-E6; that is, it is missing E5 (Fig. 3) . The translation of the two mRNAs results in different carboxylterminal amino acid sequences, each of length 14 amino acids, within E6 and E5, respectively.
The cause for the observed diversity of about 10% in molecular weight from sodium dodecyl sulfate gel electrophoretic velocity of the MLC-ALK polypeptides (7) is not readily explained by the observed differences in carboxyl termini. Possibilities for the heterogeneity include sequence effects on electrophoretic velocity, post-translational modifications, protease degradation, or some as-yet-undiscovered differences in transcript initiation sites, splicing patterns, and translation starts at the 5' region of the gene.
Nevertheless, the important point is that there is a developmental difference in splicing that provides two different carboxyl terminal MLC-ALK polypeptide sequences for the pupal and adult musculature, but only one of these in the larval musculature. Thus, in this case, as for the MHC gene of Drosophila (C. Rozek, personal communication), developmentally regulated RNA processing (specifically splicing) of transcripts from a single gene is used to provide different proteins for the myofibrils of larvae and pupae. The functional significance of these sequence differences is of course unknown; this ignorance is aggravated by the fact that the function of the MLC-ALK polypeptide in the myofibril is unknown (19) .
It is not yet known whether the two predicted MLC-ALK polypeptides in pupae are made in different or the same muscle cells. We note that the intron 4 3' splice site used for E4-ES splicing is nonconsensus. It is used in both larval and pupal RNA processing. The competing E4-E6 splice, which occurs in pupae only, involves consensus sequences. Speculative models as to whether there are positive or negative regulatory factors that act specifically on the nonconsensus sequence can be more fruitfully formulated when it is known whether'or not the two patterns of pupal splicing occur in the same or different muscle tissues.
There are now a number of cases known in which a single transcribed region of DNA gives rise to a diverse but related set of polypeptides by a combination of alternative transcription initiation sites, splicing choices, or polyadenylylation sites (20) (21) (22) (23) (24) (25) (26) .
In the present context, it is particularly interesting that the two chicken skeletal muscle alkali light chains (LC1 and LC3) are encoded by one gene. The polypeptide sequence differences between chicken LC1 and LC3 occur exclusively at the amino termini and arise through differential use of transcription initiation sites and splice sites in the 5' region of the gene. However, identical use is made of exons and introns in the 3' region of the single gene, in marked contrast to that seen for the Drosophila MLC-ALK gene.
We also note that' Karlick et al. (26) report additional examples for the generation of muscle protein polymorphisms in Drosophila by alternative patterns of RNA processing from a single DNA segment. Whether this general strategy for the generation of protein diversity is more frequently used in muscle rather than in other tissues of diverse species or in Drosophila rather than in species with larger genome sizes remains to be determined.
